Abstract This paper describes a study of the use of large diameter "agrowells" used for irrigation in Sri Lanka. Detailed field information for a single location is presented and a numerical radial flow model was used to interpret the field response. Initially the model was used to represent a pumping test in which the pumping and subsequent recovery were monitored. It was then used to investigate the operation of the well during a dry season. Satisfactory agreement could only be obtained when account was taken of the withdrawal of water from below the water table by trees. From the simulation it was possible to show that skilful farming practice could be used in steadily exploiting the resources for irrigation over the whole of the dry season. Interprétation par un modèle d'écoulement radial du comportement d'un système de puits agricoles au Sri-Lanka Résumé Cet article est une étude de l'utilisation des "agropuits" au Sri Lanka; ceux-ci sont des puits de grand diamètre utilisés pour l'irrigation. Nous avons présenté les caractéristiques détaillées d'un puits particulier et nous avons utilisé un modèle numérique d'écoulement radial pour étudier son comportement . Le modèle a d'abord été utilisé pour interpréter un essai de débit au cours duquel le niveau de l'eau dans le puits a été mesuré pendant et après l'arrêt du pompage jusqu'au retour à l'équilibre. Le modèle a ensuite été utilisé pour évaluer la performance du puits pendant une saison sèche. Des résultats satisfaisants ne peuvent être obtenus que si l'on tient compte de la capacité des arbres à prélever de l'eau au-dessous du niveau de la nappe. Il a été possible grâce à la simulation de montrer qu'un bonne pratique agricole consiste à exploiter la ressource de façon continue pendant toute la durée de la saison sèche.
INTRODUCTION
Water shortage during the main growing season is a major problem for agricultural development in the dry and intermediate zones of Sri Lanka. Even though a few of the major rivers have been diverted to these zones, more than 50% of the irrigable land cannot be used for major cultivation due to a shortage of water. Farmers in the unirrigable land areas irrigate small plots of vegetable Open for discussion until 1 June 1997 crops with small diameter wells which were constructed primarily for domestic purposes.
Except in the Jaffna Peninsula in the extreme north of the island, where productive aquifers are associated with Miocene limestones, groundwater has never been used in Sri Lanka on a large scale for irrigation in the dry and intermediate zones (Abhayaratna, 1994) . Nonetheless, many studies have indicated the potential of groundwater resources for improved cropping and livestock farming in the dry zone (Fernando 1973; Madduma Bandara, 1984) . Groundwater potential in these zones is limited on account of the low storage and transmissivity of the underlying crystalline hard rock formations.
Large diameter wells (agrowells) are ideally suited for the regolith above the hard rock aquifer which have low transmissivities (Sakthivadivel & Rushton, 1989) because they act as short term storage reservoirs as well as groundwater abstraction points. Generally, conventional boreholes and small diameter wells in low transmissivity aquifers produce very small yields (Rushton & Barker, 1983) .
The Government of Sri Lanka realised the importance of agrowells and commissioned the Agricultural Development Authority (ADA) to implement a nationwide agrowell programme in 1988. Since then, a large number of agrowells has been constructed in these zones. There are now more than 6500 agrowells in operation with some converted to collector wells (Ball & Herbert, 1992) . The development of agrowells has taken place in a rather haphazard way without a general assessment of the hydrological properties of the aquifers, the possible yield and a rational siting of wells. This study has therefore been designed to estimate aquifer parameters and then to study the long term behaviour of these wells.
Due to the inability of the conventional pumping test analysis method (Papadopulos & Cooper, 1967) to include in a single equation all the features of the large diameter wells such as well storage, seepage face, variable saturated depth of the aquifer, varying recharge and differing conditions on the outer boundary, numerical methods have to be used. Using such methods it is possible to include all the features listed above in a single numerical solution.
METHODOLOGY
A typical agrowell in Sri Lanka is 6.0 m in diameter and 6.0 m in depth and dug by hand or mechanical excavator. The walls of the well are lined with bricks and the top 1-2 m are plastered with cement. Farmers typically irrigate using a 50 mm pump with 50 mm portable hose pipes leading directly to the crops. The well storage allows the pump to be used at its optimum rate. After pumping the well is then left to refill slowly before the next irrigation. The spacing between the wells varies from 50 m to 500 m.
The typical farm used here as a case study covers 2-3 ha. The study area is located 12 km from the town of Kobeigana in the Kurunagala District of Sri Lanka. The topography is almost flat with a slope of no more than 2%. Rice is the main crop in the wet season and vegetables in the dry season. During the Maha (wet) season farmers grow paddy in the lowlands and if there is sufficient water, vegetables in the uplands. During the dry season, farmers without agrowells must leave the paddy land fallow and can grow only a small area of vegetable crops in their uplands, irrigating from small diameter domestic wells. In contrast, farmers with agrowells have started intensive vegetable cultivation in both lowland and upland during the dry season. Such farmers can select crops according to the market demand, and decide their own cropping calendar and irrigation schedule.
For a more detailed investigation of the behaviour of these wells, four agrowells were selected and ten observation boreholes were installed around the wells at different radial distances from the well centre. These observation boreholes were drilled manually by augers and lined with uPVC pipes. Daily monitoring for 18 months was carried out on well and observation borehole water level, both before and after any pumping, noting pumping hours and pumping rates. Several pumping tests were carried out in early and late dry seasons to study the aquifer parameters. Daily rainfall and evaporation were also measured in the field using non-recording raingauges and a Class A evaporation pan respectively.
SINGLE AGROWELL UNIT
The existence of a number of agrowells means that an area of aquifer is associated with each well. An agrowell and the area associated with it are taken as a complete unit in an agrowell irrigation system.
Study site
The study area associated with well no. 1, the surface contours and observation borehole locations are shown in Fig. 1 . The tank is a small reservoir which becomes dry after the wet season. Observation boreholes A and B show greater fluctuations than boreholes C, D and E which are towards the downstream part of the groundwater catchment. From Fig. 2 , which shows the change in groundwater gradient between observation wells B and D, it is apparent that there is a significant groundwater gradient during the wet season but the water table becomes almost flat during the dry season. When preparing a groundwater balance for the whole area, the solid lines of Fig. 1 approximate to groundwater divides between adjacent agrowells whilst the chain dotted lines represent lines of inflow and outflow which can be estimated from groundwater gradients. These inflows and outflows become effectively zero during the dry season hence the area associated with the agrowell equals the area within the full and chain dotted lines. 
Surface influences
To understand the behaviour of a well it is important to study the groundwater recharge and flows involved in the aquifer system. However, the rate of recharge is one of the most difficult and uncertain factors to estimate in the evaluation of groundwater resources. It exhibits such a high spatial and temporal variability and process non-linearity that there is still no single established practical methodology to estimate recharge satisfactorily (Sophocleous, 1992) .
Recharge (soil zone) For this study, the Irrigation Water Requirement (IWR) computer prediction model (Hess, 1990 ) was used to estimate the potential recharge for the study area. Rainfall and reference évapotranspiration calculated from the weather data using the CROPWAT model (Smith, 1992) were used as input to the IWR model.
The soil moisture balance approach by the IWR model took account of the precipitation and the actual évapotranspiration derived from the reference évapotranspiration based on the Penman (1948) equation and soil moisture deficit changes in the soil zone. It is likely that the evaporation from the forest and tall trees would be under estimated (Hudson, 1988) .
Tall trees (groundwater zone) Tall trees are a very common component in the study area. They never become wilted, even during the dry season, whereas the crops and grass tend to wilt during the dry season. This suggests that tall trees do not only depend on the unsaturated soil zone but also obtain water by their deep roots from below the groundwater table. This fact is also borne out by the continuous groundwater table fall during the dry season when there was little pumping. Therefore the evaporation due to tall trees extracting water from below the groundwater table is one of the component in the groundwater balance and must be included in the analysis.
Groundwater flows involved in the aquifer system All the possible inflows and outflows to the aquifer system were estimated from the observation boreholes and well water levels. Figure 2 shows the cross section of the water levels in the aquifer during the years 1993 and 1994. The diagram indicates that the boundary inflows and outflows were prominent only during the wet season (October-January). The inflows and outflows during the dry season (February-September) were negligible when compared with the wet season flows since the groundwater table is almost flat during the dry season. Figure 3 shows details of the study area including the agrowell daily abstraction from the well and the observed drawdown in the agrowell and the observation borehole at a radial distance of 43 m from the agrowell. The growing season was mainly during the dry season from mid February 1994 to September 1994 with the field irrigation using the agrowell. The minimum and the maximum abstraction rates were 200 m 3 day" 1 and 360 m 3 day" 1 respectively; pumping hours varied from 5 to 10 hours per day. The pumping interval 
INTERPRETATION OF FIELD RESULTS USING MODEL
During the wet season the surface hydrology is complex with significant surface runoff and subsurface inflows and outflows. However, during the dry season the groundwater table is almost flat with little subsurface inflow or outflow. To interpret the aquifer system during both the wet and dry season, a regional groundwater flow model would be required. However, there is insufficient regional field data for the development of a regional model. Nevertheless, during the dry season the water table is almost flat so that the agrowell and associated area of aquifer can be analysed without considering the remainder of the aquifer system. A radial flow model was selected since it can be used with a no-flow condition on an outer boundary to represent an effectively isolated portion of the aquifer. Another advantage of the radial flow model is that it has been used extensively to consider large diameter well problems (Sakthivadivel & Rushton 1989) . Although the flow to the well and the outer boundary are not strictly radially symmetrical, the radial flow model does represent the important features of the problem.
Aquifer parameters
In order to estimate the aquifer parameters, the radial flow finite difference model of Rathod & Rushton (1984) was used. This includes features such as well storage, seepage face, effective outer boundary and variable saturated depth. Well storage was simulated by having a very high value of transmissivity to simulate the horizontal water level in the well.
A seepage face is always present on the well face between the well water level and the phreatic surface of the aquifer and occurs because of the vertical flow components in the vicinity of the well. In the numerical model the seepage face is represented as an additional drawdown which is proportional to the quantity of water flowing from the aquifer into the well. The technique used to include this additional drawdown is to decrease the effective horizontal hydraulic conductivity for the mesh interval adjacent to the well face.
Another important parameter is the lateral extent of the aquifer. The existence of a number of agrowells means that an area of aquifer is associated with each well. The area associated with the well of Fig. 1 is approximately 3.2 ha. This can be represented as an equivalent outer radius of 101 m on which a condition of no flow crossing the boundary is enforced.
Pumping tests were analysed using the radial flow model. Two tests are considered in detail, one lasting about 8 h the other lasting about 10 h. The model results were compared with the drawdown and the discharge from the aquifer in the pumped well and also with the observation borehole drawdowns at 13 m and 43 m from the well centre respectively. The field results for discharge from the aquifer were calculated from the difference between the pumping rate and the change in water stored in the well. A range of parameter values was tried and the field and model results for two abstraction rates are presented in Figs 4(a) and 4(b). Initial values for hydraulic conductivity and storage coefficient were obtained by using the type curves of Papadopulos & Cooper (1967) for the pumping phase. Modifications were then made to the hydraulic conductivity, storage coefficient and well loss factor until an adequate agreements were obtained between the field and modelled results for both pumping and recovery.
In general the agreement with the field results was satisfactory. An exact fit was most unlikely since this would require that the cross-sectional area of the well remained precisely constant and that the well water level was measured to the nearest millimetre. The differences between the field and modelled values were consistent with the tolerances of the field measurements and the idealizations introduced in the numerical model. The estimated parameter values were as follows:
horizontal hydraulic conductivity = 6.0 m day" 1 specific yield = 0.065 well loss factor = 6.0
The well loss factor used to simulate the seepage face was applied during both the pumping and recovery phases. The height of the seepage face was approximately equivalent to 0.008 times the flow from the aquifer to the well. The lower diagrams of Fig. 4 show the manner in which the flows from the aquifer to the well (ô aqui f er ) increased during the pumping phase but decreased only slowly during the recovery phase with appreciable inflows to the well for the whole of the recovery period. The height of the seepage face was proportional to Gaquifer-The maximum height of the seepage face approached 1 m and for each test there was a seepage face of more than 0.15 m after 1 day. Results indicate that the higher rate of abstraction induced higher drawdowns and also higher aquifer flows. The aquifer flow increased with increased drawdown until the end of the pumping phase and decreased during the recovery phase. Even though there are several studies in the literature (Singh, 1982; Butt & McElwee, 1985) on matching drawdowns during the pumping phase, matching the flow from the aquifer is not generally used. It is important to match the aquifer flow, which represent the behaviour of the well during the pumping and recovery phases, since the rate and quantity of the aquifer flow are the major factors influencing the rate of recovery, which is an important feature of agrowells.
Long term behaviour of the agrowell
Although the estimation of the aquifer transmissivity and storativity from the test using agrowells is of interest, an understanding of the long term response to pumping is of far greater importance when considering the sustainability of these agrowells. The pumping test analysis examined the short term responses of the well and highlighted the interaction between the well storage and the aquifer. However, in the long term, the yield of the whole of the region associated with the well becomes particularly important. It is therefore essential to study the performance of the same radial flow model which was used to estimate the aquifer parameters, in representing the long term operation of the agrowell of the study area for a growing season.
The well dimensions and the growing season of the study period from February to September 1994 were taken as a typical example. Datum for the water levels was taken as the position of the water table at the end of the rainy season in February; at this time the water table was almost flat and the saturated depth was 6 m. The fully penetrating well had a plan area of 28.2 m 2 and hence the equivalent radius was 3.0 m. The maximum pumped drawdown in the model was set as 90% of the saturated depth so that there would always be 0.6 m of water in the bottom of the well. When this drawdown was reached in the simulation the pump was automatically switched off and the well supply was regarded as having failed.
Initially the model was run without considering the evaporation from the tall trees. The drawdowns in the pumped well and observation boreholes were compared with the modelled results of drawdown especially after the recovery periods. More water was lost from the groundwater system than the model simulated and therefore the field drawdowns were much larger than the model drawdowns. After a careful consideration of all the other possibilities, evaporation from the deep water table was identified as the cause of the discrepancy. This evaporation was then introduced as negative recharge to the model. Initial estimates of the evaporation values were obtained from Van Hoorn (1979) . The evaporation rates were adjusted until a satisfactory agreement between the field and modelled results is obtained (Fig. 5 ). The evaporation rates included in the model were 5 mm day" 1 while the water table was near to the ground surface, 1.0 mm day" 1 when the water table was between 2 and 4 m below ground surface and the evaporation was taken as zero when the water table was at 4 m or more below ground surface. Recharge during the growing season was also introduced to the model on appropriate dates.
Both field and model drawdown results at the pumped well and the observation borehole at 43 m radial distance from the pumped well are presented in Table 1 . An examination of the field results shows that the farmer used his well wisely. It was only towards the end of the dry season that the pumped drawdowns exceeded 5 m. Since the saturated thickness of the aquifer was 6 m, these pumped drawdowns were approaching the maximum permissible values. At a distance almost halfway to the outer boundary the drawdowns were in excess of 2 m indicating that water was being drawn successfully from storage and into the pumped well. simulation was carried out with a 4 m diameter well (compared to the 6 m diameter of the actual well) used to supply water for the growing season of the study period of 240 days. Results from the simulation indicate that the total abstraction for the growing season could not be achieved since the drawdown became too large on day 157 of the growing season. This demonstrates that great care is required in the operation of agrowells, otherwise too much water is used early in the growing season, with the result that there will be insufficient water for the later stages.
The work described in this paper was carried out in one of the agrowell irrigation systems which represented aquifers where the regolith above the hard rock was about 6 m deep. However, it is necessary to carry out similar work in areas different from this study area, for example in sloping areas. In this study, recharge was predicted for ten years and the ten-year average recharge was used for the simulation. This study also assumed that the aquifer filled each year. It is important to study the situation when there is a poor recharge season so that the recharge does not refill the aquifer.
